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ABSTRACT

This thesis reports on three procedures and the
associ ated nunerical results for obtaining sem conduct or
maj ority carrier concentrations when subjected to a
tenperature sweep. The capability of predicting the
exhaustion regi me boundaries of a sem conductor is critical
i n understandi ng and exploiting the full potential of the
nodern integrated circuit. An efficient and reliable
nmet hod is needed to acconplish this task. Silvaco
I nternational’s sem conductor simnulation software was used
to predict tenperature dependent majority carrier
concentration for a sem conductor cell. Conparisons with
anal ytical and nunerical MATLAB-based schenes were nade.
This was done for both Silicon and GaAs materi al s.
Conditions of the sinulations denonstrated effect known as
Bandgap Narrow ng.
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EXCEUTI VE SUMVARY

This thesis reports on three procedures and the asso-
ciated nunerical results for obtaining sem conductor
maj ority carrier concentrations when subjected to a tenpe-
rature sweep. The capability of predicting the exhaustion
regi me boundaries of a sem conductor is critical in under-
standi ng and exploiting the full potential of the nodern
integrated circuit. This includes, but not limted to, ICs
designed for mlitary hardware as well as specialized
extrinsic sem conductors designed for space-based appli -
cations. An efficient and reliable nmethod is needed to
acconplish the task of predicting exhaustion regine
boundaries. Silvaco International’s sem conductor sinula-
tion software was used to predict tenperature dependent
majority carrier concentration for a sem conductor cell.
Conmparisons with analytical and nunerical MATLAB-based
schemes were made. Conditions of the sinulations denon-
strated the effect known as Bandgap Narrow ng.

The goals of this project are twofold. The first goal

is to design a program procedure to tenperature sweep a
uni f orm si ngl e- doped sem conductor with a two-di nensi onal
Silvaco sinulation software[1]. There is a significant
chal l enge to overcone in neeting this goal. Specifically,
this is due to alimtation in Silvaco software in that
t enper ature sweeps cannot be perfornmed within a single
“run”. The second goal was to test the results obtained in
Si | vaco agai nst one-di nensi onal anal ytical and nunerical
nodel s i npl emented i n MATLAB.

Figure ES contains six plots of [o0gi(po) Vversus

1000x(1/T) for various conditions (with and w thout band-
XV



gap narrowing (BGN) and from various sources (nurerical,

analytic, and Silvaco) for the case of doped Silicon. The
nodel for band-gap narrowing [6] used here is:
ofl?
E(T)=E,————. (1)
(T+p)
With and Without Bandgap Narrowing Plot
19.0
[ |
—1 Silvaco - w/o BGN
185 86 ——2 Silvaco - w/ BGN
3 Analytic - w/o BGN
‘/ 4 Analytic - w/ BGN
18.0
—— 5 Numerical - w/o BGN
2 —— 6 Numerical - w/ BGN
17.5 1
3&5

S 3,4,58(6
Q
S 17.0 4
D
S < /

o] \

1&2 \

16.0

15.5

15.0 T T T

0.50 2.50 4.50 6.50 8.50 10.50
1000 X 1/T (K)
Figure ES. 1 Conposite Log Pl ot of Three Regi nes of

Silicon.

The nunber codes identify the various curves as per

description in the legend of the figure. In Table 1

XVi



recommended val ues for silicon including BGN paraneters o

and B are provided. Note, as expected, curves fromthe
numeri cal and anal ytic nmethods are indistinguishable, for
exanpl e, MATLAB- based anal ytic curve #4(w BG\) overl ays
MATLAB- based nunerical curve #6(w BG\). Furthernore, as
expected the inpact of BGN is apparent in the curves at the
hi gher tenperatures. The difference between Silvaco pre-
di ctions and the 1-di nmensional nodeling efforts are slight
but noted for future investigation. Simlar analysis was
conpleted for GaAs, with slight variations due to the
different material structure and properties. The results
for GaAs curves were simlar.

Paranet er | Val ue
Ea 0. 045 eV
N 101" #/ cm?
Ego 1.11 eV (Silicon)
Oa 4
BGN « 0. 00047
BGN S 636.0
Tabl e ES. 1: Silicon Paraneters used in Sinulations

TonyPl ot was used to create a slideshow novie, to aid
in visualization of the process. The structure files from
t he DeckBuild runs were saved and TonyPl ot was used to
di splay the hol e/ el ectron concentration of the lattice at
tenperature steps. This data was then exported into

M crosoft Ofice PowerPoint.

XVi i



. 1 NTRODUCTI ON

A CHAPTER | NTRODUCTI ON

This first chapter will provide an introduction to the
wor k acconplished in this thesis, a literature review, and

a structural overview of the thesis.

B. PURPOSE

The purpose of this research is to conpare the
performance of comrerci al sem conduct or two-di nensi ona
simulation tools with one-dinensional analytical and
nuneri cal nodels for freeze-out and exhaustion under a

vari ety of nontrivial conditions.

C | NTROCDUCTI ON TO GENERAL TOPI C

Integrated circuits (ICs) are specified to operate
bet ween designated tenperature limts. The circuit designer
sel ects the doping |level or levels and typically assunes
that the dopants are approxi mately 100% i oni zed, i.e.,
exhaustion and tenperature are not too high. There can be a
significant inmpact on a plethora of device paraneters such
as depletions widths and/or FET threshold voltages if the
assunption is violated. In the domain where the tenpera-
ture is too low, the percentage ionization of dopant or
dopants will be significantly less than 100% The val ue
for the majority carrier concentration is depressed
significantly bel ow the design value. On the other hand, if
the tenperature is too high, the thermal generation effect
causes the majority carrier concentration to becone

excessively higher than the design value in what is called
1



the intrinsic tenperature regi ne. The exhaustion regine
lies between this two extrenes, intrinsic and freeze-out.
It is well known that for a nultiple inmpurity dopant
process this "sinple" three-regime description can be

i nadequate. Wat is inportant to the designer is the plot
of the mpjority carrier versus the tenperature or, what is
nore conmmonly done, a plot of majority carrier concen-

tration versus the reciprocal of tenperature.

D. GOALS

The goals of this thesis are twofold. The first goal
was to design a program procedure to tenperature sweep a
uni f orm si ngl e-doped sem conduct or usi ng a two-di nensi onal
Silvaco sinulation software[1]. There is a significant
chal l enge to overcone in neeting this goal. Specifically,
there is alimtation in Silvaco software in that tenp-
erature sweeps cannot be performed within a single “run”.
The second goal was to test the results obtained in Silvaco
agai nst one-di nensi onal anal ytical and nunerical nodels
i npl enented in MATLAB.

E. THESI S OVERVI EW AND LI TERATURE REVI EW

This research begins in Chapter Il with a review of
the anal ysis of the different portions of the project. The
analysis in Chapter Il serves as the background for the
MATLAB nunerical and analytic nmethods. Chapter 111l is an
i ntroduction and description for the Silvaco-based
conput ati onal tools used to evaluate and conpare with the
MATLAB- based net hods briefly covered in Chapter Il. The
procedure for nodeling of sem conductors in Silvaco and

ot her technical aspects will be discussed. Chapter IVis
2



the presentation and di scussion of the results obtained
fromsimulations and testing. This data will be used to
crosscheck the three approaches to obtaining tenperature
dependence of majority carrier concentration in singly
doped sem conductors. Chapter Vis a submttal of

concl usions on the study conpl eted and reconmrendati ons for

further work.

Several topics, which are discussed in the appendi ces,
have been included for conpl eteness. The correspondi ng
information is presented this way, in order to avoid
cluttering and overcrowding of the main text. Appendix A
provides a brief introduction to general sem conductor
principles. Appendix B provides an operational guide to
reproducing the results in Silvaco, along with an
abbrevi ated version of the Silvaco DeckBuild source code
created for this work. Appendix Cincludes a pre-print of
the paper presented at the 45'" | EEE International M dwest
Synposiumon Circuits and Systens in Tulsa, OK on Aug 4-7,
2002.

Currently, commercial software packages, such as
avai l abl e through Silvaco International [1], are well
designed to solve the electron/hole transport problem
This type of calculation is usually required to predict the
device 1-V (current-voltage) characteristics. Surprisingly,
usi ng the sanme package to obtain a tenperature dependent
plot for majority carrier concentration for a uniform
sem conductor requires a sonewhat conplicated procedure
[2]. This thesis presents an efficient and novel way of
obtaining this curve fromthe Silvaco |International

sof tware and conpares the results with a proposed one-

3



di mensi onal singl e-equation analytic nodel and a one-

di mensi onal nunerical nodel that predicts the tenperature
dependence for majority concentration in all regines [3,

4]. To-date, nost "analytic" nethods for detern ning

dom nant features in such plots nmake use of multiple ad-hoc
argunments, which taken one at a tine, applies in only two
of the three reginmes nentioned above [5, 6, 7]. Nuneri cal
nmet hods based on one-di nensi onal anal ysis provide
significant flexibility in ternms of nmaking predictions when
there are nultiple dopants and when taking into account
second order effects [4]. It can be argued that nuneri cal
nmet hods are generally going to be applicable over a w der
range of problens than what can be sol ved with exact

anal ysis. Two and three-dinmensional nunerical finite

el enent net hods provided in CAD based commerci al packages
have been wi dely enployed by the engineers in the

sem conduct or processing industry. The one-di nensi onal
results, both nunerical and analytical, are conpared wth
predictions fromsuch a package of tools from Silvaco
International [1]. The numerical one-di nensional nethod is
based on solving for zeros in the charge neutrality
condition [5,6,7] iteratively for selected tenperatures.
The nunerical algorithminvolves a root finding schene
known as the Method of Interval Bisection [8]. The one-

di mensi onal MATLAB-based nunerical method can be applied on
conditions not specifically studied in this thesis such as
nmul ti pl e dopants. Details on the one-di mensional nunerical
al gorithmare not covered in this thesis and interested
readers are encouraged to see References [3] and [4]. The

anal ytic expression for the majority carrier tenperature



dependence is based on the well-known solutions to a cubic

equation [9].

Band gap narrowing [6] is a well-known effect in which
the effective band gap of the sem conductor decreases with
i ncreasing tenperature. Cases with and w thout the bandgap
narrowi ng effect were sinulated to exhibit the flexibility
and consi stency of the various approaches taken. Many of
the salient features in this thesis have recently been
summari zed in a short paper [10]. Background infornmation,
whi ch appears in Appendi x A, was referenced fromthese

sources: [11-15].

F. BENEFI TS OF STUDY

Wth the proliferation of sem conductor-based app-
lications in nodern society, it has becone critical to
understand the effects of tenperature on sem conductors
properties. Understanding the nature of tenperature
sensitivity before production and inplenentation of a
devi ce can reduce cost and risk factors for a final
product. For exanple, the issue is particularly evident in
the case of space-based applications, due to the harshness

of the environnent.

G CHAPTER SUMVARY

Thi s Chapter described the general area of
i nvestigation, the goals of the thesis, and provided a
literature review. In the next chapter, the mathematica
formulization, which serves as a basis for one-dinensional

anal ytical and one-di nensional numerical schene for sol ving



for tenperature-dependent majority carrier concentration,

wi Il be addressed.



I'1. TECHNI CAL ANALYSI S

A CHAPTER | NTRODUCTI ON

Thi s chapter provides the background anal ysis for
predi ctions of tenperature dependent mmjority carrier
concentration for both nunerical and anal yti c MATLAB- based

approaches (see Figure 2-1).

‘ Semiconductor Specifications

!

1-D Mathematical
Formulization of the

Problem

Numerical

Analytic
(MATLAB)

2-D Finite Element
(MATLAB) Silvaco Model

\ /

Freeze-out, exhaustion, regimes predictions

Figure 2-1: Layout of Project.

B. BACKGROUND ANALYSI S

The foll ow ng assunptions were nmade: 1) The sem -
conductor is spatially uniform i.e., no spatial variation
of the doping and energy bandgap. 2) The sem conductor is
in equilibrium 3) “Degeneracy condition” [6], which is a
byproduct of excessive doping, has not occurred. These
assunptions were used throughout the sinmulation for both
MATLAB and Silvaco software.

The Ferm -Dirac occupation probability for el ectrons

and hol es respectively are:



FOB = 1+ gEE)/ K (2.1)
and
—_— 1
FE(E) =1- FQE) = 1 + B B/KT (2- 2)

where E is the energy | evel defined on electron energy band
di agram (see Figure 2-2). The Ferm energy level, Ef is
where el ectron and hol e occupation probability are both
50% k is Boltzman’s constant, and T is tenperature in
Kelvin. Figure 2-2 is a representation of the energy
bandgap di agram of a sem conductor. On the right hand side

are the levels for the conduction and val ance | evels, E: and
E,. The total bandgap size is represented as E; and 4Eqg

and 4, are used to represent the difference between the

donor (Ny) and acceptor (N, levels and the band limts.

AE, Eg

Fi gure 2-2. D agram of Bandgap Layout.
8



The three-di nensi onal el ectron and hol e density-of -

states [6] are given by respectively:

cm = 2 (W) (e - 87 HE - B (2.9
and
TCE %(j}—j (E, - BY? HE, - B (2.4)

where H(x) is the Heavy-side function defined as:

Hx) = |5 X =0 (2.5)
X) = .
0O otherwise

and Ec, Ey are conduction and val ance band edges defined on

Figure 2-2, m), m, are the effective nmasses for electrons

and hol es at those band edges, and % is short-hand notation
Pl anck’ s constant divided by 2.

The density of electron concentration in electron
energy space is then obtained fromconbining Egqs. (2.1) and
(2.2):

¢B) =

dn, .
E ¢ E) * FOE) (2.6)

and, simlarly, for holes using (2.2) and (2.3):
d _
B = & = (5 * FOE) (2.7)
which is the density of hol e-concentration in electron

ener gy space.

The equilibriumconcentrations of electrons and hol es

are conpactly expressed as:



nfE) = | (B dE (2.8)

and

p(E) = [ &(B) dE (2.9)

where inplicit dependence on Ferm energy |level is apparent
t hrough substitutions of Egs. (2.1) through (2.7), into

Eq. (2.8). The transformations, set as x=(E-E,)/kT for
eval uation of no(Ef) and set as x=(E,-E)/kT for evaluation

of po(Er), |eads to:

2 (kT x| 2 7 xM2dx
- S EEEs] e
and
2 (kT Y Vm [ 2 7 xtPdx
ey - Z(mTE[2 ],
wher e
n =(E - E)/ KT (2.12)
and
y =(B — E)/ KkT. (2.13)

The expressions defined by (2.10) and (2.11) can be
sinplified using a standard approxi mation [6] as shown in

t he next paragraph.
The Ferm integral is given by [6]:

2 T xYx
Fllﬁy) = \/; .([ 1 + e(><—y) )

(2.14)



For y < -3:
F,{y) =€ iTe‘xx“zdx =e’. (2.15)
V7 3

Thi s approxi mation applied in the context of evaluation of
carrier concentrations, is known as the Boltzman's Approx-
imation. In physical terns, the applicability of the
approxi mati on depends on the Ferm |evel being |located in
t he bandgap and not wi thin 3kT of the conduction and

val ance band edges.

After conmbining (2.10) thru (2.15) it follows that:
n{E) = Ng& =" ». (2.16)

and

N, & F KT

P Er) (2.17)

p

where effective electron and hole density of states are

respectively:

* 3/ 2
N, = 2(@4} (2.18)
and
* 3/ 2
N, = 2(@#} (2.19)

and y, and y, are degeneracy factors described in the next
par agr aph.
The el ectron and hole concentrati on degeneracy factors
[3] are:
X, =F, {nl e (2.20)

for which x,=1 for n<-3 and

X =F ANl e’ (2.21)
11



for which y =1for y<-3.

| f the Boltzman’ s Approxi mati on can be applied, the
usual case if the doping is not too heavy, then x,~1 and/or
X,~1. The standard Boltznman's approximtion formfor the
equilibriumcarrier concentrations is recovered. Speci-
fically

n, = Nel& =/ (2.22)

and

P, = Ne& &k, (2.23)

Equations (2.22) and (2.23) can be taken as exact under

intrinsic conditions, i.e., no inpurity dopant enpl oyed.

Two rules are needed to define the intrinsic
condition. These rules predict the Ferm |evel under
intrinsic conditions, Ef and the extrinsic carrier

concentration, n;. Under intrinsic conditions, electron and

holes are created in pairs and therefore n,=n,=p,. The

o

application using (2.22) and (2.23) |eads to:

0 = by = NNe (&= a (2. 24)

and after setting Er to Es and sol ving, one determ nes:

E. =kT|n(&j+M. (2. 25)
- 2
Equations (2.24) and (2.25) can be expressed in term
of the bandgap, E; which is represented on Figure 2-2 as
the energy difference between the conduction and val ence

band. |If the valance band is used as a reference energy

level, i.e., E, =0 as represented on Figure 2-2, Ejis then

12



and it follows [6] that Egs. (2.22) and (2.23) can be
expressed in terns of n; and Eg as:

po ~ nle(EFI 7EF)/ kT (2. 27)

and

n, = ne& &)/ (2.28)

(o]

Equations. (2.27) and (2.28) are the equilibriumcarrier

concen-trations.

Substitutional inpurities can exist in one of two
states. Specifically, either the neutral state or an ion-
ized state can exist. The basic rules that govern donor
and acceptor ionizations [6] are:

E By
N{ ::gde(ij (2.29)
Nd
and
N, _ 1 (5
i gae , (2.30)

where subscript ‘d is for donor and ‘a is for acceptor,
N® and N.° refer to neutral donor and acceptor inpurity
concentrations respectively, Ny and Nys refer to ionized
donor and acceptor concentrations, and gq and g, are occu-
pation indices. There are electron spin-based argunents
[6,12] that indicate in nost sem conductors g,=4 and g,=2.

The fraction of ionization can be established via several
observations. First, the sumof ionized parts, plus neu-
tral nust be added to the total inpurity used, specifically

for donors:

13



N, = Ny + N; (2.31)
and for acceptors:
N, = NJ + N;. (2.32)
After dividing both sides of Eq. (2.31) by Ny, it is
found that:
+ - 0
Ny | 1+ Nﬂ (2.33)
Nd Nd
where Ny and N, are identified on Figure 2-2.
Simlarly, after dividing both sides of Eq. (2.32) by
N, it is found that:
— - 0
(Ni] =1 +-N% (2.34)
Na a
Therefore, substitution of Egs. (2.31 and 2.32) into Egs.
(2.33 and 2.34) leads to:
Ny 1
—< = 2.35
N, (Epk_TEd) ( :
1+g.e
and
N 1
h: S 2. 36
N, =3 e
1+g9ge

whi ch provides the guidelines for Ferm energy |evel

dependent degrees of ionization.

Donor energy |levels
conduction band as the reference. For simlar
acceptor energy levels are typically cited using the
val ence band as a reference [3]:

E, = B - AE,

14

are typically cited using the

reasons,

t he

(2.37)



and
E., = AE, (2.38)

which is consistent with Figure 2-2.

Assum ng we have M, nono-val ent donors, and M, nono-
val ent acceptors, the conditions of |ocal charge neutrality
exist. This is based on assunptions #1 and #2. For the

condi ti on:
My

My
AT E) = po - + 2 (Ny) =D (N7) =0 (2.39)

I =1 I =1

where there is an inplicit dependence on both Er and the
tenperature within each termof Eq. (2-22). The
dependenci es are obtained fromEqgs.(2.35 to 2.38). For a
specified tenperature, Eg. (2.39) results in a non-Ilinear

e(EFi'EF)/kT_

expression in Z, where Z= At a specified Z, the

carrier concentrations can be predicted from

n.
n = — 2.40
0 == (2.40)
and
p, = NZ (2.41)

whi ch is an equival ent revised version of Egs. (2.27) and
(2.28).

Maki ng use of the Ferm probability distributions to
predi ct ionization |levels of the donors and acceptors,
specifically this requires the substitution of Egs. (2.35,
2.36, 2.40, and 2.41) into Eq. (2.39) and dividing by the
intrinsic concentration which |eads to a condition on
P(Z,T):

My N M,

2 = Z; +KZl_ _,11+KZ (2.42)



The over-bar notation indicates division by nj. The tenpera-

ture dependent ionization factors:
Ky = g™ =) (2.43)

and

- (Ey ~Er )/ kT
K, = 0.8 (2.44)

serves as a gauge for degrees of ionization of the associ-
ated inpurity. In summary, Eqs. (2.42 to 2.44) serve as a
mat hemati cal basis for both the analytic and nuneri cal

[ 3, 4] MATLAB- based approaches.

C. ANALYTI C SOLUTI ON APPROACH

This situation is described by the special case that
M,=1land M,=0. The sunmation subscript in Eq. (2.42) can
be dropped to lighten the notation. Straightforward al gebra

| eads to a cubic equation in Z:

724 L | N}y 1 g (2. 45)
K 1+ K, K,

a

The corresponding result for a single inpurity N-type
is exactly the same form producing a cubic in Y=1/Z wth
revi sed coefficients obtained by letting the *a subscript
(for acceptor) be replaced with the *d subscript (for
donor). The solution can be defined in terns of
coefficients for the reference cubic equation:

x* +ax® +ax +a, =0. (2. 46)

To facilitate representation of a solution, the
following internedi ate paraneterization of the problemis

commonly taken [9]:

Q= (33, - a)/9 (2. 47)

16



and

R = (9aa, - 27a, — 2a})/ 54 (2.48)

and
D=Q +F (2.49)

where, D, which is referred to as the “discrimnant” for
the cubic problem wll dictate the type of solutions

possi ble. As per the fundanental theorem of al gebra there
will be three roots. For D negative, all roots are real
while for D positive only one root is real while the other
two are conplex conjugates. |If Dis zero there will be
repeated root. For the problem being evaluated it can be
shown using synbolic mathematical nethods that Q and D wi ||
al ways be negative. Furthernore, it can then be shown that
of the three roots, only one is positive and, therefore,
physi cal ly acceptable. That root will be predicted by the
followng formula [9]:

Z =X =2JIgcos,(9/3)—%a1 (2.50)

where 6 = cos™ (R/\/—Q3) once Z is determined, the mjority

carrier concentration, po,, can be predicted fromEq. (2.41).

D. CHAPTER SUMVARY

Thi s Chapter has established the mat hematical basis
for both MATLAB-based anal ytical and nunerical predictor
al gorithnms for tenperature dependence of the majority
carrier (see Figure 2-1). In this Chapter the main steps
|l eading to a single equation analytic solution are
described. In the next Chapter, the third approach, based

17



on the commercially available Silvaco International Soft-

ware, is briefly explained.
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[11. SI MULATI ON

A CHAPTER | NTRODUCTI ON

For this project, a suite of comercially avail able
simulation tools [1] intended for sem conductor testing was
used. The primary objective of the thesis was to generate
Silvaco predictions for the tenperature dependent majority
carrier. A conparison will be made with the MATLAB-based
anal ytical and nunerical nethods discussed in the previous
chapter (see Figure 2-1). The data fromall three
approaches were then conpared graphically using M crosoft
Excel. The follow ng sections will discuss the processes
developed in the sinmulation to generate the data for this
conparison testing.

B. SI LVACO SI MJLATI ON TOCLS

The sinmulation in Silvaco was designed using the
foll owi ng nodul es fromthe suite: ATLAS, DeckBuild,
TonyPl ot and DevEdit. The following outline (Figure 3-1)
illustrates the interconnecting relationshi ps between the

i ndi vi dual nodul es.
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ATLAS

Device
Simulation

Structure Runtime
File Output
.
ATHENA Smutstion Files
I_:'rcces:.s
i Command Solution
File Files

Figure 3-1. Silvaco Interaction Flowhart (From

[1]).

ATLAS is a 2D/ 3D sinulator for sem conductor devices.
ATLAS can provide data and insights into the internal
physi cal nechani snms of a device based on predicted
el ectrical behavior. It can either be used as a stand-
alone tool or as a core unit for the Silvaco Virtual Wafer
Fabrication environnent. This nodule was used in
connection with the other nodules to deliver powerful and

accurate data on the behavi or of sem conductors [1].

DeckBuild is an interactive graphical user interface
to provide a user-friendly runtine environment for
integration of the different aspects of the Silvaco
Software suite. A control windowis provided for file
creation and control. Many of the features are automated
to allow for accurate simulation in a sinple to use
environment. TonyPlot is the stand-al one program which
can al so be referenced in DeckBuild, to display the results

[1].
DevEdit is a device editor which can be used to

generate a nmesh for the structure designed in DeckBuild and

20



ATLAS. Alimtation of device sinulators prior to DevEdit
was i nadequate or poor structure neshes. DevEdit’s usage
was integrated into DeckBuild to allow for a nore conplete

and accurate solution [1].

C. DEVELOPMENT OF THE SI LVACO SI MULATI ON PROCESS

In order to develop the overall simulation, the first
step was to understand the full scope of the problemand to
determ ne the best features of Silvaco to find a solution.
There were many automated features and defaults settings
needed to be addressed to ensure that both sets of data
were based on the sane fundanentals. The DeckBuild codi ng
in Silvaco followed the standard format of the program as
illustrated in Figure 3-2:

Group St at enent s

1. Structure Specification —_— MESH
REGI ON
ELECTRODE
DOPI NG

2. Material Mdels Specification - MATERI AL
MODEL S

CONTACTS
I NTERFACE

3. Nunerical Models Specification — METHOD

4. Solution Specification - LOG
SOLVE

LOAD

SAVE

5. Results Analysis EXTRACT
TONYPLOT

Fi gure 3-2. | nput File Layout (After [1]).
21



In Figure 3-2, the left side, |isted under G oup, outlines
how commands are clustered in Silvaco. The right side,
listed under Statenents, catal ogs several of the commonly

used conmands and the order in which they are call ed.

Several inportant values were set at the begi nning of
t he DeckBuild code to ensure that default settings were not
used. The specified paraneters included: the dopant used,
the e-alpha (o), e-beta (p), and e-band gap (Eg) val ues,
whi ch were set before initializing the program As pre-
viously stated, the bandgap represents one of the nost
i nportant paraneters of a sem conductor and thus, it was
set explicitly in DeckBuild coding. The equation for
bandgap narrowing listed in the Silvaco ATLAS Manual [1] is
as foll ows:

(3.1)

E(T) = E(300 + 05[ 300° T }

300+ 8 T+ 8
where T is the tenperature in degrees Kelvin and the o and
paraneters are sem conductor material dependent. E4(300) is
the energy gap at 300°K. An equival ent fornulization used
in the MATLAB-based programis in ternms of Eyg(0) instead of
Es(300) [6, 10].

The structural dinensions of the device were then set
and the contacts were placed with DevEdit. The device
mat eri al was then set and the doping concentration was al so
set in DeckBuild. Choosing a nodel was the next chall eng-
i ng aspect of research since certain DeckBuild coding
options woul d decide the included physical effects. This
was needed in order to obtain the nost conprehensive
solution to conpare with the MATLAB- based approaches (see

Figure 2-1).
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For the nodel options in the Silvaco Simulations
DeckBui | d code, inconplete, connob, and ferm were chosen,
because they covered the w dest conprehensive range of
t enper at ur e- dependent effects. The inconplete portion was
used to properly account for freeze-out when there were not
sufficient anounts of thermal energy to assunme 100% dopant
ioni zation. The connmob function was used to maintain
concentration nobility as per the sinple power rule for
t enper at ure dependence. The ferm comrand was used to

account for cases of heavily doped material s.

Along with the technical challenges of understandi ng
the correct configuration for nodeling a sem conductor,
there were the difficulties in manipulating Silvaco due to
inherent imtations of the programsuite. A mgjor
obstacle related to the inability to programa tenperature
sweep in Silvaco within a single run. A nethod had to be
devel oped to conplete this process in an autonmated fashion.
It was acconplished by replicating single-run code segnents
within DeckBuild. Each of the code segnents was essen-
tially the sanme, except for the tenperature, which was
i ncrenmented consecutively (see Appendix B). The tenpera-
ture along with other pertinent data were recorded and
| ogged after each step, which conpleted the ATLAS run
Thi s process was repeated over a selected tenperature
range. Stored data could then be exported to a program
such as Mcrosoft Excel. This process allowed for
significant flexibility in selecting the sem conduct or
paraneters. It also allowed for an autonation in the
process which required very mnimal user input. The

overall process is illustrated in Figure 3-3.
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Set Material Set Paraneters Set D nensi on

(ie. Slicon, GAs) |(ie. Ealpha, Band gap) of devi ce
\ i /
ATLAS RUN!
4
Cal cul ati ons based Probe of
Set Tenper at ur > on inputs at — Tenperature and
speci fic tenperature Carrier Qonc.
Cal cul ati on Savi ng
of current [ of .log _’of E)a(\fgr;iles
and vol t ages and .str files

NEXT ATLAS RUN

Fi gure 3-3. Fl omchart of Silvaco Process.

D. DEVELOPMENT OF THE MOVl E

TonyPl ot was used to create a slideshow, to aid in
vi sual i zation of the process. The structure files fromthe
DeckBuil d runs were saved and TonyPl ot was used to display
t he hol e/ el ectron concentrations of the lattice over the
tenperature steps. These data outputs were then exported
into other commercial software packages that allowed for
graphic file animation, such as Mcrosoft Ofice Power-
Point. Two sanples of the novie are provided in Figure 3-4
and 3-5. The arrow over the curves on the right side iden-

tifies the tenperature. The upper half shows a sel ected
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novi e slide when the tenperature was approximately 10 K
while the Iower half was taken at a rmuch hi gher tenperature
of 900 K. Note that colors for the |eft side are | egend-
encoded for the concentrations of the najority carrier at
the corresponding tenperature. Mre details on the

procedure for creating a novie are provided in Appendi x B.

E. CHAPTER SUMVARY

This Chapter outlined and expl ai ned the technical
aspects of utilizing comercially available Silvaco
I nternational software for the objectives of this thesis.
A nore detail ed description of this procedure is provided
in Appendi x B. The next chapter will provide a review and
conparison of the Silvaco based results with predictions
generated from MATLAB- based anal ytic and nunerica

al gorithm
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| V. RESULTS ANALYSI S AND COVPARI SON

A CHAPTER | NTRODUCTI ON

This chapter provides a conparison of the results for
vari ous approaches obtai ned from exanpl es taken of Silicon
and GaAs. The different conditions and cases docunent ed
wi |l be discussed. For this project, Silvaco Suite was
used to devel op a procedure to predict tenperature
dependence of majority carrier concentration. This was
di scussed in sone detail in the previous chapter. The
results fromSilvaco are conpared wi th MATLAB- based
anal ytic and nunerical predictions. The data from both
simul ations are then conpared graphically in Mcrosoft
Excel. The follow ng sections will discuss the processes
devel oped in the sinmulation to generate the data for this
conparison testing.

B. RESULTS FOR SI LI CON

Figure 4-1 contains six plots of |o0gio(po) versus
1000*(1/T) for various conditions fromthe various sources
(nunerical, analytic, and Silvaco). The data was al so
grouped into the case with and w thout bandgap narrow ng
(BG\). The nodel for bandgap narrowi ng [6] used here is:

aT?
E(T) = B, T

Nunbers codes for the various curves on Figure 4-1 appear

(4.1)

with the description in the | egend. Recommended val ues

[2,15] for silicon, including BGN paranmeters o and 3, appear

in Table 4-1. Note, as expected, curves fromthe MATLAB-
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based nunerical and anal ytic nethods are indistingui shable.
For exanpl e, MATLAB-based anal ytic curve #4(w BGN) overl ays
MATLAB- based nunerical curve #6(w BG\). Furthernore, the

i mpact of BGN is apparent in the curves at the higher

t enper at ures.

Wth and Wthout Bandgap Narrow ng Pl ot

19.0
——1 Silvaco - w o BGN
18.5 486 ——2 Silvaco - w BGN
/ 3 Analytic - wo BGN
18.0 \ 4 Analytic - w BGN
ﬁ\/ 2 ——5 Nunerical - wo B&N
17.5 \

. ——6 Nunerical - w BGN
\‘g§ : 3&5
3,4,5&6
N < \/
16.5 1 \\

Log;o(poO)

1&2
16.0 |
15.5 |
15.0 :
0.50 2.50 4.50 6.50 8.50 10.50
1000 X 1/ T(K)
Figure 4-1. Conposite Log Plot of three Reginmes of

Silicon.
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The difference between

one-di mensional nodeling efforts are slight

future investigation.

Par amet er Val ue

Ea 0. 045 eV

Ny 10 #/ cm?

Ego 1.11 eV (silicon)
Ja 4

BGN « 0. 00047

BN /3 636. 0

Tabl e 4-1. Silicon Paraneters.

C RESULTS FOR GALLI UM ARSENI DE

The results for
to results appearing
for this test are provided in Table 4-2 [2,

GaAs seen
in Figure 4-1.

15]:

Par anmet er Val ue

E, 0.15 eV

N, 10* #/cm

Ego 1.42 eV (GaAs)
Oa 4

BAN « 0. 00054

BGN A 204.0

Tabl e 4-2. GaAs Paraneters.
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Wth and Wt hout Bandgap Narrowi ng Pl ot for GaAs

17.0

16.0 \

4 & 6
A —— 2 Silvaco w/ BGN

15.0 =
\\ 3 Analytical w/o BGN
14.0 2 4 Analytical w/ BGN
\\k/ —— 5 Numerical w/o BGN
13.0 —
\ —— 6 Numerical w/ BGN
12.0

1,3 &5 ‘*—5\\\\\\\\\\\\
e \
10.0

0.00 2.00 4.00 6.00 8.00 10.00 12.00
1000 X 1/ T(K)

L—"

1 Silvaco w/o BGN H

———

Log;o(pO)

Figure 4-2. Conposite Log Plot of three Regi nes of
GaAs.

Again, all three reginmes, i.e., freeze-out, exhaustion, and
intrinsic, were evident on Figure 4-2. As before, in the
exhaustion regime, the majority carrier was approxi nately
equal to the doping level, i.e., 10 #/cn?. The curves

i ndi cated that the MATLAB-based approaches produced pre-
dictions that were indistinguishable. It should also be
noted that the | evel of agreenent between the Silvaco-based
predi ction and the MATLAB-based approaches was better in

the GaAs case (see Figure 4-2) versus the silicon case (see
32



Figure 4-1). This is especially true in conparing the

| evel of agreenent in the freeze-out regimes of both
Figures 4-1 and 4-2. As it turns out, the testing pro-
cedure for the two materials, Si and GaAs, was essentially
the sane with one inportant exception. For the Silvaco-
based sinmulation of Silicon, the input specification for
the acceptor energy level (Ei) was not done directly.

| nstead, the chem cal inpurity dopant Boron was specified
in the DeckBuild code. 1In the case of the GaAs test, this
feature was overridden by a direct specification of the
acceptor energy level (E;) in the DeckBuild code. The

| atter approach is clearly aligned with the MATLAB-based
met hods. It is a reasonable conjecture that this accounts
for the noticeable inprovenent in the | evel of agreenent
between the Silvaco and MATLAB-based net hods.

D. DI SCUSSI ON CF RESULTS

The | evel of agreenent between results generated from
t he MATLAB approaches and fromthe Silvaco source code
tended to confirmthe accuracy of the nodels. The Silvaco
and MATLAB- based approaches were in close agreenent in
predictions for the magjority the carrier concentration over
all three single inpurity reginmes of freeze-out, exhaus-

tion, and intrinsic.

An inportant effect included in the testing was
Bandgap Narrowi ng (BGN) [6]. The results were categorized
for each material tested with BGN and wthout BG\ The
di fferences observed for BGN proved to be fairly
significant at higher tenperatures. In the exhaustion and

freeze-out regines, the inpact of BGN was not noticeabl e.
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E. CHAPTER SUMVARY

Bot h the one-di nensi onal anal ytic nodel and nuneri cal
al gorithmwere essentially indistinguishable in ternms of
predi ctions. As expected, when BGN effects were included
in the nodels, the inpact was observed at the higher
tenperatures. The difference between predictions of the
Si | vaco- based two-di nensi onal nodeling and the one-

di mensi onal solutions were observed to be slight but worthy
of future investigation. The next Chapter will summarize
the main conclusions and will provide suggestions for

future work.
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V.  CONCLUSI ONS AND RECOMMENDATI ONS

A SUMVARY OF WORK

This Chapter provides a summary of the thesis and
provi des sone final thoughts on future areas of study and
i nprovenent. The principal conpleted goal of this research
has been to design a conveni ent autonmated procedure that
will predict, via Silvaco International sem conductor
simul ation software [1], tenperature-dependent exhaustion
and freeze-out effects in single-dopant, honojunction
sem conductors. To gauge the |evel of success of this
effort the results generated fromthe Silvaco sinulation
sof tware have been conpared with simlar predictions from
MATLAB- based anal yti cal and nunerical algorithns. This was

done for both silicon and gallium arseni de sem conductors.

Chapter | provided an introduction to the objectives
and benefits of this research, along wth a preview of what
topics woul d be addressed. Chapter |l presented an in-
depth mat hemati cal anal ysis, which serves as a basis for
MATLAB- based anal yti ¢ and nunerical approach. This chapter
al so detailed the process used to determ ne the anal ytica
solution. Chapter IIl was focused on inparting an overvi ew
of Silvaco and how it was inplenmented to provide the neces-
sary results. Chapter IV was used to present the data
acquired fromthe different tests and to make a conparative
study based on the data. A sanple selection of slides from
the Silvaco novie prepared during the thesis is al so

presented in Chapter |V.
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B. CONCLUSI ON

This thesis was designed to be part of a |arger study
in creating very robust MATLAB-based anal ytic and nuneri cal
sinmulations to provide an accurate portrait of tenperature
effects occurring in a sem conductor. This would allow for
a versatile and reliable nethod in predicting the regines

of a semn conduct or.

After reviewmng the data, it can be concluded that the
MATLAB- based anal ytical and nunerical nodels conpared very
favorable to the results obtained in Silvaco. Al three
met hods accurately predict the sem conductor behavior in
the three regions fromfreeze-out to the intrinsic. The
MATLAB- based anal ytic and numerical coding allowed for a
qui ck and robust nmethod to generate the majority carrier
concentration data of a sem conductor under a varying
degree of changes in material and doping level. Currently,
t he conputation cost of results obtained via MATLAB
required nuch less time than the Silvaco nmethod by roughly

a factor of 50.

C. RECOMVENDATI ONS

There has been significant progress nmade in this
research, but there still exist nuch additional work to be
acconplished in this area. The future of analytical
nodel i ng in MATLAB needs to be refined and expanded to
allow for a greater range of effects and conditions. For
exanpl e, the range of cases that can be solved analytically
could be wdened to include multiple inpurities. This
capability already exists in the MATLAB-based nunerica
algorithm At this present tinme, the nunerical algorithm
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has not satisfactorily been tested for high I evels of

dopi ng when the Boltzman's approxi mation fails.

There still exist many conditions and parameters in
Si | vaco whi ch have not been accounted for which could be
i npl enented in a faster MATLAB nodel. A nore efficient
nmet hod of handling tenperature ranges in Silvaco is al so

sonmet hing that needs to be inproved upon.

Finally, utilizing Silvaco to create and test a three-
di mensi onal nodel m ght provide nore conclusive data to
continue to validate the results obtained for the
anal ytical nodel. This would provide a significant insight
into the limts associated with the one-di nensi onal nodel s
being tested in MATLAB.
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APPENDI X A. | NTRODUCTI ON TO GENERAL SEM CONDUCTOR
PRI NCI PLES (AFTER [11, 12])

A QUANTUM MECHANI CS

To fully understand the basis of this thesis, a basic
know edge of quantum effects is required to understand why
particles behave as they do at the sub-atomic and atom c
di mensi onal scale. Before the twentieth century, scien-
tists had a firmbelief that the physical world was divided
into two worlds, the world of particles and the world of
waves. This belief was based on the classical system
theorized by Sir Isaac New on.

In the 20'" Century, this particle/wave paradi gmwas
chal I enged and proven to be inconplete, based on the early
wor k of physicist such as Neil Bohr. Werner Hei senberg,
and an Austrian, Erwin Schrddi nger postul ated a new Quant um
Theory based on the aforenentioned work, and thus a valid
and proven nethod was constructed to provide a neans of
descri bing sub-atom c particles.

Quant um nechani cs theorizes that the electronic struc-
ture of an atomis based on quantum conditions. These
conditions are postulated in the theory that electrons in
an atomare restricted to certain energy level. This
“quantization” defines certain allowable transitions invol-
vi ng absorption and enission of energy by the el ectrons
[ 11] .

Nei |l s Bohr determ ned that electrons in orbits noved
with well defined monentum Based on this work and through

absorption and em ssion, an electron may transition to the
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next smaller or |arger energy |level based on the follow ng

rul es:

1) El ectrons exist in certain stable, circular
orbits about the nucl eus.

2) The el ectron may shift to an orbit of higher
or |ower energy, thereby I osing or gaining
energy equal to the difference in the energy
| evel s (by absorption or em ssion of a photon
of energy hv, see Figure A-1).

3) The angul ar nonentum Py, of the electron in an

orbit is always an integral nultiple of

Pl anck’s constant divided by 2n [11].

E2

AVAVA

v El

Figure A-1. Em ssion of Phot on.

B. SEM CONDUCTOR MATERI AL PROPERTI ES

A seniconductor is able to conduct electricity at room
tenperature nore readily than an insulator, but |ess easily
than a nmetal. Electrical conductivity, which is the
ability to conduct electrical current under the application
of a voltage, has one of the w dest ranges of val ues of any
physi cal property of matter. Such nmetals as copper,

silver, and alum num are excell ent conductors, but such
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i nsul ators as dianond and gl ass are very poor conductors.
At | ow tenperatures, pure sen conductors behave |ike insu-
| ators. Under higher tenperatures or light or with the
addition of inmpurities, however, the conductivity of

sem conductors can be increased dramatically, reaching

| evel s that may approach those of netals [12].

The common semni conductors include chem cal elenments
and conpounds such as silicon, germanium gallium arsenide,
and lead telluride. They increase in conductivity with
tenperature, light, or inpurities arising froman increase
in the nunber of conduction electrons, which are the
carriers of the electrical current. 1In a pure, or intrin-
sic, sem conductor such as silicon, the val ence el ectrons,
or outer electrons, of an atomare paired and shared bet -
ween atons to make a coval ent bond that holds the crystal
together. These val ence electrons are not free to carry
el ectrical current. To produce conduction el ectrons,
tenperature or light is used to excite the val ence el ec-
trons out of their bonds, |eaving themfree to conduct
current. Deficiencies, or "holes," are |left behind that
contribute to the flow of electricity. (These holes are
said to be carriers of positive electricity.) This is the
physi cal origin of the increase in the electrical conduc-
tivity of sem conductors with tenperature. The energy

required to excite the electron and hole is called the
energy gap.

For a sem conductor, this energy gap is ternmed the
bandgap. It is a forbidden region in which an el ectron

cannot exist, as it is the “space” between the quantized

states. The upper region is called the conduction band and
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the lower is |abeled the val ence band. This separation

bet ween the energy of the two bands call ed the bandgap is

| abeled as Eg. It is the nost inportant paraneter when
dealing with sem conductors since it is the basis for any
utilization of a given material. These bandgaps define the
relative ease to “free” electron through excitation from
thermal, optical, or electrical energy. Sem conductors
have | ower bandgaps (typically 0.5-4 eV) while insulators
have hi gher bandgaps (5-10 eV) of transition.

Sem conduct or devi ces have nmany varied applications in
el ectrical engineering. Recent engineering devel opnents
have yi el ded small sem conductor chips containing mllions
and in the near future, hundreds of mllions, of transis-
tors. These chips have made possible great mniaturization
of electronic devices. Mre efficient use of such chips
has been devel oped through what is called conpl enentary
nmet al - oxi de sem conductor circuitry, or CMOS, which con-
sists of pairs of p- and n-channel transistors controlled
by a single circuit.

C. CONDUCTI ON

Certain critical terns and concepts nust be introduced
to better understand the fundanmental of sem conductors.
Two paraneters in the handling and usage of sem conductors
are tenperature and doping. These two factors are extrene-
Iy inmportant in determ ning how effect a sem conductor is
and how it can nost effectively be used in any system

desi gn.

Doping is a nethod to produce free carriers of elec-
tricity in a sem conductor by adding inpurities to, or to
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"dope," the senmi conductor. The difference in the nunber of
val ence el ectrons between the doping naterial, or dopant
(either donors or acceptors of electrons), and host gives
rise to negative (n-type) or positive (p-type) carriers of
electricity. This concept is illustrated in the accom
panyi ng di agram of a doped silicon (Si) crystal. Each
silicon atom has four val ence el ectrons (represented by
dots in Figure A-2); two are required to forma coval ent
bond. In n-type silicon, atons such as phosphorus (P) with
five val ence el ectrons replace sone silicon and provide
extra negative electrons. In p-type silicon, atons with

t hree val ence el ectrons such as alumnum (Al) lead to a
deficiency of electrons, or to holes, which act as positive
el ectrons. The extra electrons or holes can conduct
electricity.

S 510 5ic “5i0 S

————eHtra
T R TR il T R Y electran
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T

i “Si* “Si* “Si" S hole

Figure A-2. Si Material Doped with P (From][13]).

When p-type and n-type sem conductor regions are
adj acent to each other, they forma sem conductor di ode,
and the region of contact is called a p-n junction. (A
diode is a two-term nal device that has a high resistance
43



to electric current in one direction but a | ow resistance
in the other direction) The conductance properties of the
p-n junction depend on the direction of the voltage, which
can, in turn, be used to control the electrical nature of
the device. Series of such junctions are used to nake
transi stors and ot her sem conductor devices such as sol ar

cells, p-n junction lasers, rectifiers, and many ot hers.

Tenperature is also very inportant and as it is raised
from 0°K, electrons are excited fromthe thernal energy and
t hey nove across the bandgap fromthe val ence band to the
conduction band. The resulting material is one with sone
unoccupi ed states in the val ence band and this vacancy
creates a “hole”, or an enpty state. This creates an
el ectron-hole pair (EHP) and as these “freed” el ectrons
nove through the material, this notion induces an electric
field and current flows.

There are two mgj or classes of sem conductors, intrin-
sic and extrinsic. An intrinsic sem conductor is one in
which the electrical properties of device is determ ned by
the host material, such as with bulk silicon. 1In an
extrinsic sem conductor, the chemcal inpurities used to
dope the host material are the determning factor for the
el ectrical properties of the material. These dopants can
drastically nodify the electrical properties of a device as

with gallium arsenide.
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Concentration vs. Temeperature
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Fi gure A-3. Concentration vs. Tenperature.

As illustrated in Figure A-3, when the tenperature
increases, the intrinsic properties of the material over-
ride any | evel of doping applied to the material. This
region varies based on material and doping level of im
purities. At |ow tenperatures, the energy fromtherm
effects is not high enough to fully activate all the donor
and acceptor inpurities. This region is known as the
freeze-out region and this topic will be addressed later in
this report.

| f tenperature increases above 0 K, excitation of
el ectrons is induced and EHPs are fornmed as thermally
excited electrons cross the bandgap to the conduction band.

The positions of the free electron and hole in the crystal
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are spread out over several lattice spacing and can be
consi dered quantum nechanically by probability distri-
butions. At a given tenperature, there is a certain anmount
of EHPs. In a steady state condition the generation rate
(G) of EHPs in an intrinsic material nust be equal to the

rate of reconbination of electrons and holes [11].

As tenperature increases, the probability distribution
of an electron in a range of allowed energy at equilibrium
follows Ferm -Dirac statistics, because they obey the Paul
exclusion principal. The Ferm -Dirac distribution function
is equal to:

1
f(E):W (A1)

where E. is called the Fermi Level. For intrinsic ma-

terials, the probability an electron is at the Ferm |evel
is very near Y2 Wien T=0K, this function is a unit step
and, as T increases, the function takes on a nore curved

appear ance (see Figure A-4).
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Figure A-4. Ferm -Dirac Distribution.

46



APPENDI X B. OPERATI ONAL GUI DE TO REPRODUCI NG THE
RESULTS I N SI LVACO

A OPERATI ONAL QU DE TO REPRODUCING SILVACO DATA
ACQUI SI TI ON CAPABI LI TI ES

Silvaco’ s sem conductor software is a powerful and
very capabl e tool in deciphering the electrical and
mat eri al properties of a sem conductor. The vast array of
built-in functions and add-on nodul es create a powerful
tool, albeit a tool wwth a steep learning curve. This
conci se section will attenpt to help create a standardi ze
met hod to coll ect, organize, and extract the data from
Silvaco for further analysis.

The process begins with the DeckBuil d graphical user
interface and the creation of an input file. ATLAS is the
nodul e used in this research and the nodul e i s adequate and
effective for all of the work that was acconplished. The
physi cal parameters and structural dinmensions were set for
the input file; to be used globally throughout the nodel,
in conjunction with a doping | evel and MODEL comrand
setting. In the MODEL conmand, the lattice tenperature is
set for the ATLAS run. At this point, the programis ready

to enter the recording stage of the process.

The PROBE function was used extensively to gather the
data required for proper analysis. This function was used
to record the tenperature, the hole concentration, and the
el ectron concentration. An iterative stepping of m ninm
bias is applied to allow for the software to cal cul ate the
properties of the material. The STRUCTURE (.STR) file is
saved and the probed values are logged into a LOG (.1 0gQ)
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file. At this point, the programis ready to quit the
ATLAS run at the given tenperature and begin stepping on to
the next tenperature to begin the process anew. The new
tenperature is set in the MODEL conmand. The LOG file is

t hen appended to record the new data fromthe updated
tenperature. The process repeats itself until the QUT
command is called to end the process. This raw data can

t hen be exported into Mcrosoft Excel or MATLAB to be

further categorized and anal yzed.

B. DECKBUI LD ABBREVI ATED SOURCE CODE

go atl as

set dopant = boron

# Fi |l neanme

set datadunp = ThesisSl

set e-al pha = 0.00047

set e-beta = 636
set e-band = 1.42
set Eae = 0.045
set Pae = 0.02

mesh space. mul t=1

x. mesh | oc
x. mesh | oc

0. 00 spac = 0.10
1 spac = 0.10

y. mesh | oc
y. mesh | oc

0. 00 spac = 0.02
1 spac = 0.02

# pl aci ng anodes and cat hodes
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region nunber = 1 naterial = Si

el ectrode nane = anode top
el ectrode nanme = cat hode bottom

mat eri al regi on=1 egal pha=$"e- al pha" egbet a=$"e- bet a"
EG300=%$"e- band" EAB =$"Eae" EDB =$"Pae"

doping reg = 1 uni form $"dopant" conc=1el7

nodel tenp = 100 i nconplete connob ferm

PROBE NAME = Tenperature (k) LAT.TEMP x = 0.05y = 0.2
PROBE NAME = Hol e_Concentration_(1/cm3) P. CONC x = 0.05
y = 0.2

PROBE NAME = El ectron_Concentration_(1/cnt3) N CONC X =
0.05y =0.2

solve init

sol ve vanode = 0.1

sol ve vanode = 0.2

save outf = $"datadunmp”.str
save outf = $"datadunp"60.str
log outfile = $"datadunp".| og
solve vanode =1

go atl as
mesh infil e=$"dat adunp”. str

mat eri al regi on=1 egal pha=$"e- al pha" egbet a=$"e- bet a"
EG300=$%$"e- band" EAB =$"Eae" EDB =$"Pae"

nodel s tenp = 110 inconplete connmob ferm

PROBE NAME= Tenperature_(k) LAT. TEMP x=0.05 y=0. 2

PROBE NAME= Hol e_Concentration_(1/cnmt3) P. CONC x=0. 05
y=0. 2

PROBE NAME = El ectron_Concentration_(1/cnt3) N CONC X =
0.05y =0.2

solve init

save outf=%$"datadunp". str

sol ve vanode = 0.1

sol ve vanode = 0.2

save outf = $"datadunp"110.str
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| og outfil e=$"dat adunp"”.| og append
sol ve vanode=1

go atl as

mesh infil e=$"dat adunp”. str

mat eri al regi on=1 egal pha=$"e- al pha" egbet a=$"e- bet a"
EG300=%$"e- band" EAB =$"Eae" EDB =$"Pae"

nodel s tenp = 120 inconpl ete connmob ferm

PROBE NAME= Tenperature_(k) LAT. TEMP x=0.05 y=0. 2

PROBE NAME= Hol e_Concentration_(1/cnm3) P. CONC x=0. 05
y=0. 2

PROBE NAME = El ectron_Concentration_(1/cnft3) N CONC X =
0.05y =0.2

solve init

save outf=%$"datadunp". str

sol ve vanode = 0.1

sol ve vanode = 0.2

save outf = $"datadunp"120.str

| og outfil e=$"dat adunp".l og append
sol ve vanode=1

go atl as
mesh infil e=$"dat adunp”. str

mat eri al regi on=1 egal pha=$"e- al pha" egbet a=$"e- bet a"
EG300=%$"e- band" EAB =$"Eae" EDB =$"Pae"

nodel s tenp = 1010 inconplete connmob ferm

PROBE NAME= Tenperature_ (k) LAT. TEMP x=0.05 y=0. 2

PROBE NAME= Hol e_Concentration_(1/cnm3) P. CONC x=0. 05
y=0. 2

PROBE NAME = El ectron_Concentration_(1/cnt3) N CONC X =
0.05y =0.2

solve init
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save outf=%$"datadunp".str

sol ve vanode = 0.1

sol ve vanode = 0.2

save outf = $"datadunp"1010.str

| og outfil e=$"dat adunp".l og append
sol ve vanode=1

go atl as
mesh infil e=$"dat adunmp”. str

mat eri al regi on=1 egal pha=%$"e-al pha" egbet a=$"e- bet a"
EG300=%$"e- band" EAB =$"Eae" EDB =$"Pae"

nodel s tenp = 1020 inconplete connmob ferm

PROBE NAME= Tenperature_(k) LAT. TEMP x=0.05 y=0. 2

PROBE NAME= Hol e_Concentration_(1/cnm3) P. CONC x=0. 05
y=0. 2

PROBE NAME = El ectron_Concentration_(1/cnt3) N CONC X =
0.05y =0.2

solve init

save outf=$"dat adunp". str

sol ve vanode = 0.1

sol ve vanode = 0.2

save outf = $"datadunp"1020. str

| og outfil e=$"dat adunp”.|og append
sol ve vanode=1

go atl as
mesh infil e=$"dat adunp”. str

mat eri al regi on=1 egal pha=$"e- al pha" egbet a=$"e- bet a"
EG300=%$"e- band" EAB =$"Eae" EDB =$"Pae"

nodel s tenp = 1030 i nconpl ete connmob ferm

PROBE NAME= Tenperature_ (k) LAT. TEMP x=0.05 y=0. 2

PROBE NAME= Hol e_Concentration_(1/cnm3) P. CONC x=0. 05
y=0. 2

PROBE NAME = El ectron_Concentration_(1/cnt3) N CONC X =
0.05y =0.2

solve init
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save outf=%$"datadunp".str

sol ve vanode = 0.1

sol ve vanode = 0.2

save outf = $"datadunp"1030. str

| og outfil e=$"dat adunp".l og append
sol ve vanode=1

go atl as
mesh infil e=$"dat adunmp”. str

mat eri al regi on=1 egal pha=%$"e-al pha" egbet a=$"e- bet a"
EG300=%$"e- band" EAB =$"Eae" EDB =$"Pae"

nodel s tenp = 1040 inconplete connmob ferm

PROBE NAME= Tenperature_(k) LAT. TEMP x=0.05 y=0. 2

PROBE NAME= Hol e_Concentration_(1/cnm3) P. CONC x=0. 05
y=0. 2

PROBE NAME = El ectron_Concentration_(1/cnt3) N CONC X =
0.05y =0.2

solve init

save outf=$"dat adunp". str

sol ve vanode = 0.1

sol ve vanode = 0.2

save outf = $"datadunp"1040. str

| og outfil e=$"dat adunp”.|og append
sol ve vanode=1

go atl as
mesh infil e=$"dat adunp”. str

mat eri al regi on=1 egal pha=$"e- al pha" egbet a=$"e- bet a"
EG300=%$"e- band" EAB =$"Eae" EDB =$"Pae"

nodel s tenp = 1050 inconplete connmob ferm

PROBE NAME= Tenperature_ (k) LAT. TEMP x=0.05 y=0. 2

PROBE NAME= Hol e_Concentration_(1/cnm3) P. CONC x=0. 05
y=0. 2

PROBE NAME = El ectron_Concentration_(1/cnt3) N CONC X =
0.05y =0.2

solve init
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save outf=%$"datadunp".str

sol ve vanode = 0.1

sol ve vanode = 0.2

save outf = $"datadunp"1050. str

| og outfil e=$"dat adunp".l og append
sol ve vanode=1

C. PROCEDURAL GUI DE TO CREATI NG A MOVI E

The ability to visualize the effects of tenperature on
a sem conductor cell is a very inpressive nmethod for illus-
trating the concepts involved. For this purpose, Silvaco
has the capability to save STRUCTURE files fromthe
DeckBui |l d conmputations. These files are repositories of
information for the sem conductor cell at given conditions.
These files can be used to display the carrier concentra-
tion, along with a host of other material and el ectrical
properties. To access these files, Silvaco provides a
st and- al one vi ewer call ed TONYPLOT.

Mul ti ple STRUCTURE fil es can be | oaded into TONYPLOT,
and the display drop down nmenu item can be used to display
the carrier concentration of the files. Al of these files
nmust be sel ected because the prograns sets the displayed
picture relative to the structure wi ndows selected. Wile
there is a effective novie animator built into Silvaco, the
created novie is not exportable into other nedia format,
thus each individual file nust be screen captured into a
standard graphical file type such as (.jpg) or (.bnp), for
future mani pulation. The files can then be organized in
conmer ci al novi emaker software and formatted for further
animation. (Mcrosoft Ofice PowerPoint was used to ani mate

the slides into a novie.) The process is |abor intensive,
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but very effective in creating an illustrative tutorial of

the desired sinulation effect.
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APPENDI X C. PAPER PRESENTED AND ACCEPTED AT THE
45™ | EEE | NTERNATI ONAL M DWEST SYMPOSI UM ON
Cl RCU TS AND SYSTEMS I N TULSA, OK ON AUG 4-7, 2002

Thi s appendi x contains the “Conparison of Analytic and
Nunerical Mddels with Conmercially Avail able Sinmulation
Tool s for the Prediction of Sem conductor Freeze-out
Exhausti on” paper fromthe 4-7 August 2002 45'" | EEE M dwest
Synmposiumon Circuits and System at Ckl ahona State
University in Tulsa, klahoma. The paper was a condensed

report on the work researched in this thesis.
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Emai | :
Abstract - Currently, conmmercia
software packages, such as
avail abl e t hr ough Si | vaco
International [1], are wel |
desi gned to sol ve t he
el ectron/ hole transport problem
This type of calculation s
usually required to predict the
devi ce IV characteristic.
Sur pri singly, using the sane
package, to obtain a tenperature
dependent pl ot for majority
carrier concentration for a
uni form seni conductor requires a
somewhat conplicated procedure
[2]. Qur paper will present an
efficient novel way of obtaining
this curve from the Silvaco
I nt er nati onal sof tware and
conpare the results wth a
proposed one di nensional single-
equation analytic nopdel and a
nunerical nodel that predict the
t enperature dependence for
majority concentration in all
regimes [3][4].
1. Introduction

I nt egr at ed Crcuits are
specified to operate between
designated tenperature limts.
The circuit designer selects the
doping |evel or | evels and
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typically assunes t hat t he
dopants are approximately 100%
i oni zed, i.e. exhaustion and the
tenperature are not too high

There can be a significant
i mpact on the value of a
plethora of device paraneters

such as depletions w dths and/or

FET threshold voltages if the
assunption is violated. In the
domain that the tenperature is
t oo | ow t he per cent age
i oni zation of dopant or dopants
will be significantly less than
100% The value for t he
majority carrier concentration

is depressed significantly bel ow
t he design val ue. On the other
hand if the tenperature is too
hi gh t he t her mal generati on
ef f ect causes t he majority
carrier concentration to becone
excessi vel y hi gher t han t he
design value in what is called
t he intrinsic t enperature
regime. The exhaustion regine
lies between this two extrenes,
intrinsic and freeze-out. It is
well known that for a multiple
impurity dopant process this
"si mpl e" t hree-regi ne
description can be inadequate.
VWhat is i mport ant to t he
designer is the plot of the
najority carrier Ver sus t he



tenperature, or what is nore
conmonl y done, a pl ot of
majority carrier concentration
ver sus reci procal of t he
t enper at ure.

To-date nobst "analytic" nethods
for determ ning doni nant
features in such plots make use
of nmultiple ad-hoc argunents,
which taken one at a tine,

applies in only two of the three
regi mes nentioned above. [5, 6,
7] MNurerical nethods based on
one- di mensi onal anal ysi s are
appl i cabl e and provi de
significant flexibility in terns
of making predictions when there
are multiple dopants and when
taking into account 2" order
effects. [4] It can be argued
t hat nureri cal met hods are
generally going to be applicable
over a w der range of problens
than what can be solved wth
exact anal ysis. Two and three
di nensi onal numeri cal finite
el ement nmethods provided in CAD
based comercial packages have
been widely employed by the
engineers in the sem conductor
processing industry. The 1-D
results bot h nureri cal and
anal yti cal are conpared wth
predictions from such a package

of tools from Silvaco Int. [1]
See Figure (1). For details on
nunerical algorithm please see
references [3] and [4].
2. Basic Analysis

The physi cal basis [1] for
analysis assumes that there is
sufficient spatial uniformty in

in order to
| oca

the doping profiles
apply the <condition of
charge neutrality,

P(T)=p,—n,—Y N, +D N;=0(1)

wher e T is t he Kel vi n
tenperature, p, and n, are the
equilibrium hole and electron

carrier concentrations
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respectively, while N, and N,

are the ionized acceptors and
donors atom concentrations
respectively. The sunmations run
over the numbers of inpurities.
The approach presented is
facilitated by defini ng t he
par amet er Z where:

Z=exp|(E,—E,.)/kT | (2)

where k is Boltzman's constant,
Er is the Ferm level and E is
the intrinsic Ferm level. In
non- degenerate cases, i.e. where
the Boltzman approximation can
be applied to sinplify the exact
expr essi on for t he carrier
concentrations, the Z paraneter
is directly proportional to the
equilibrium hole concentration

The constant of proportionality

is the tenperature dependent
intrinsic concentration. It
turns out that Eg. (1) can be
expressed as P(Z2). Nuneri ca
nmet hods based on successi ve
substitution in solving for the
zeros in expression (1) were
f ound to be unreliable in
produci ng a convergent solution.

However the nethod proposed here
is derived from the nunerica
scheme known as interva
bisection [8] and it was found
wor k wel | with variety of
conbi nati ons  of profiles and
ot her nonstandard conditions
The effective density of states,
whi ch is derived in nost
i ntroductory sem conduct or
texts, is given by:
* 3/2
N, = mmAT) m"fT) (3a)
h
« N\3/2
m
N, = NL,( f:] (3b)
mn

the effective nmass
bands [5].
facilitate casting

where m is
for the respective
In order to



Eq. (1) into a form dependent on
the Z-paraneter the well-known
rel ations for intrinsic
concentration and Ferm | eve
are used.
_Ee
= NN, e T (4)
E +FE N
E, =——+kT In| = (5)
2 N,
Following the standard nethods
[5, 6, 7] of expressing carrier
concentrations in terns of

intrinsic paraneters Egs (4-5),
it follows that:
n.
n,=—- (6a)
Z
p,=nz (6b)
Maki ng use of t he Ferm
probability distributions [5] to
predict ionization levels of the
donors and acceptors, i.e.,
N, and N,;, and substitution of
Eqs (6) and Eq. (1) and then
di vi di ng by t he intrinsic

concentration [3] leads to a
condition on P (Z, T):

N, &N,
R2)=0= Z+ T I—Z—”’ (7)

&Z H+&Z
in which the over-bar notation
i ndicates division by n; |, and
t he t enperature dependent
const ant s,
K, =g, " (8a)
K =g e(Ea[—EH)/kT (8b)
are needed to characterize
partial ionization. Also M and
My are the nunbers of inpurity
conponents, and g, (4 typical for
Silicon) and g4 (2 typical for
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sever al
for

are t he
degener acy,
acceptors and donors,
respectively. The donor and
acceptor concentrations with the
over-bars are normalized by the

Silicon)
occupation

intrinsic concentration. The
energy levels for the inmpurities
E.,, Ey are defined relative to
t he val ence band, i.e.

E,=E.-E, (9)
wher e E; is the standard cited
value for donors neasured wth
respect to the conduction band.
This analysis will also be the
basi s for an anal ytic

description provided in the next
section.

3. Analytic Solution,
single inpurity

Situation is
speci al case

described by the

that M=1 and M=0
the summation subscript in Eq
(7) can be dropped to Ilighten
t he not at i on. Strai ght f orwar d
al gebr a | eads to a cubi c
equation in Z

Z3+izz—( N jz-i:o (10)

K, 1+K, K,
The corresponding result for a
single impurity N-type is

exactly the sane form producing

a cubic in Y=1/Z with revised
coefficients obtained by letting
the “a subscript (for acceptor)
be repl aced with the td’
subscri pt (for donor). The
solution can be defined in terns
of coefficients for t he
reference cubi c equation

X +ax’+ax+a,=0 (11)

To facilitate representation of
t he sol ution t he fol |l owi ng
i nternedi ate paraneterization of



t he
[9].
Q:(3a2—a12)/9

R=(9aa,—27a,-2a’)/54
D=0’ +R’

problem is commonly taken

(12a)
(12b)

(12c)
where, D, which is referred to
as the “discrimnant” for the
cubic problem will dictate the
type of solutions possible. As
per the fundanmental theorem of
algebra there wll be three
roots. For D negative all roots
are real while for D positive
only one root is real while the
other two are conpl ex conjugate.

If D is zero there wll Dbe
repeated root. For the problem
being evaluated it can be shown
usi ng symbol i c mat hemat i cal

nmet hods that Q and D will always
be negati ve. Furthernore it can
then be shown that of the three

roots only one is positive and
therefore physically acceptable.
That root wll be predicted by
the foll ow ng recipe [9]

Z=x=2 —Qcos(6’/3)—%al (13)

where @ =cos” (R/ —Q3). Once

Z is determned the
carrier concentration,
predicted fromEq (6b).

majority
Po, can be

4. Silvaco Int. based

Si mul ati on
Typically, sem conductor device
probl enms  of i nterest i nvol ve
condi tions such as ext er nal
vol tages and/or spati al non-
uniformty in the sem conductor.
Under t hese nor e gener al
conditions, a solution can be
obtained by solving Poisson’'s
equation. This is done with the
Silvaco tool known as ATLAS [2].
It is possible to incorporate
Ferm -Dirac statistics for
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pur poses of

i nconpl ete ionization
Due to lack of space it is not
possi bl e to cover al | t he
details in t he al gorithm
i nvolving Silvaco Tools. Her e
are sone critical poi nt s.
First, the Silvaco predictions
are obtained from running the
software over 2 dinmensional grid
of poi nts covering a 2
di nensi onal , uni form and
equi librium sem conduct or . A
center point is chosen in the
grid and the nmmjority carrier
concentration is recorded. Thi s
is done in an automated fashion
for each tenperature in a |long
list of tenperatures covering
the range of interest. The
Si | vaco based recordi ngs
described in the next section
are obtained via this procedure.

estimating

5. Exampl es

Figure 2, which has on it 6
pl ots of 0ogl0  (po) ver sus
1000%x(1/T) for various conditions
(with and wi t hout band- gap
narrowi ng (BGN) and from various
sour ces (nureri cal , anal yti c,
and Silvaco). The nodel for
band-gap narrowing [6] used here
is.
2
E(T)=E, - (14)
¢ LT+

The various curves are coded by

nunber with the description in
t he | egend. In Tabl e 1
recommended val ues for Silicon

i ncluding BGN paraneters o and f

are provi ded. Not e, as
expect ed, curves from t he
nunerical and analytic nethods
are i ndi stingui shabl e.
Furt her nor e, as expected the
i mpact of BGN is apparent in the
curves at t he hi gher
t emper at ur es. The difference

between Silvaco predictions and
t he 1- di nensi onal nodel i ng



efforts are slight but noted for
future investigation.
Par anet er Val ue
Ea 0. 045 ev
Na 10 #/ cn?
Ego 1.11lev
(Silicon)
ga 4
BGN o [ 6] 0. 00047
BGN B [6] 636. 0
Table 1: Parameters used in

Si nul ati ons

6. Concl usi ons
Bot h anal ytic one- di mensi onal
nodel s and nuneri cal one-
di nensi onal al gorithns are

essentially indistinguishable in
terns of predi ctions. As
expected, when BGN effects are
included in the nodels the
i mpact was observed at t he
hi gher t enrper at ur es. The
di fference bet ween Si | vaco
predi ctions based t wo-
di nensi onal nmodeling and the
one-di nensi onal solutions were
observed to be slight but worthy
of future investigation.
+DMetherreticd
Fomliztiondf the
Prcblem
- Arelytic 2DFirite Benrert
Rgﬂg (VATLAB) Siveoo Mo
Freeze-at, extaustion, regines preddions

Figure 1. Testing Fl owchart
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